Allergic asthma, characterized by chronic airway Th2-dominated inflammation, is associated with an increased risk of infection; however, the underlying mechanisms are unclear. Forkhead box protein A2 (Foxa2) plays a critical role in Th2 inflammation and is associated with pulmonary defenses. To determining the role of Foxa2 in Th2-dominated lung inflammation against the invading bacteria, we established a mouse OVA-sensitized model, an Escherichia coli lung invasion model, and mice with conditional deletion of Foxa2 in respiratory epithelial cells. The number of bacteria in the lung tissue was counted to assess clearance ability of lung. Lung inflammation and histopathology was evaluated using HE and PAS staining. It was found that OVA-sensitized mice had decreased E. coli clearance, reduced Foxa2 expression, and decreased DEFB1 secretion. Conditional deletion of Foxa2 in respiratory epithelial cells led to decreased clearance of E. coli and impaired secretion of DEFB1, similar to the OVA-induced allergic condition. The impaired secretion of DEFB1 may be responsible for the increased risk of infection in the Th2-dominated airway inflammation. Dual luciferase assay demonstrated that Foxa2 regulates DEFB1 expression by affecting its promoter activity in HBE cells. Our study indicated that Foxa2 plays an important role in Th2-dominated airway inflammation against invading bacteria. Conditional deletion of Foxa2 in respiratory epithelial cells can reduce pulmonary's defense against bacterial invasion by inhibiting DEFB1expression.
Introduction
Asthma is a common disease clinically characterized by chronic T helper type 2 (Th2)-dominated airway inflammation that affects approximately 1-18% of the population globally [1] . Inhaled allergens play a vital role in the pathogenesis and development of asthma; hence, asthma is often categorized as an atopic condition [1] [2] [3] . Increased prevalence surveys and studies from animals showed that asthma increases the risk of infections in the host [3] [4] [5] [6] [7] . The predominant infections include respiratory tract infections, skin infections, urinary tract PLOS ONE | https://doi.org/10.1371/journal.pone.0226517 December 27, 2019 1 / 12 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
infections, and sepsis [3] [4] [5] . Currently, the mechanisms underlying the increased risk of infections are not fully understood. Elucidation of the mechanisms of pulmonary defense against microorganisms may help improve the management and prevention of infections in patients with asthma. For the invading microbes, the first barrier is the airway epithelial cells lining the respiratory tract and the antimicrobial substances produced by these cells [8] . Among these, βdefensins (DEFBs), located in a β-defensin gene cluster on chromosome band 8p.23.1 [9] , are critical for mediating innate immunity and host defenses [8, 10] . DEFBs are small endogenous peptides that possess a wide range of microbicidal activity against bacteria, some fungi, and enveloped viruses [8, 10] . Earlier studies have shown persistent bacterial infection and the inability to clear bacteria from the epithelial surface in patients with CF, which is characterized by chronic airway infection and impaired expression of DEFBs [10, 11] . Among DEFBs, βdefensin 1(DEFB1) is an essential element of innate mucosal immunity and is expressed constitutively by the epithelial cells [11] . Studies on DEFB1-deficient mice showed compromised innate immunity and increased infection risk; however, adaptive immunity was functional when DEFB1 was mutated [12, 13] . DEFB1 was shown to be involved in the induction of other DEFBs, such as DEFB2, DEFB3, and DEFB4 [12, 14] . Earlier studies have elucidated an association between DEFB1 polymorphisms and the pathogenesis of asthma [15, 16] . Some observational studies also reported diverse but conflicting expression levels of DEFB1 in mouse asthma models and clinical trials [6, 17] . However, the role of DEFB1 in the development and pathogenesis of asthma is unclear. The transcription factor forkhead box protein A2 (Foxa2, also known as hepatocyte nuclear factor 3-beta [HNF-3B], or transcription factor 3B [TCF-3B]) plays an essential role in regulating Th2 inflammation and airway mucus secretion in the developing lung [18] . Deletion of the Foxa2 gene in respiratory epithelial cells of the mouse leads to spontaneous pulmonary eosinophilic inflammation, goblet cell metaplasia, and decreased expression of defense-associated genes, including DEFB35 in the lung [18, 19] . Notably, the expression of Foxa2 is suppressed both in mouse models and in humans with allergic asthma [18] [19] [20] . Type 2 cytokines, such as IL 4, IL 5, and IL 13, can significantly suppress Foxa2 expression [18, 19] . In addition, IL4 and IL13 can reduce the mRNA expression level of some DEFBs. [6] . Based on these studies, we hypothesized that Foxa2, expressed in the respiratory epithelial cells, may play a role in the pulmonary defense against bacterial infections through the regulation of DEFB1 in Th2-dominated airway inflammation. Hence, this study was conducted to investigate the role of Foxa2 in the pulmonary defense of Th2-dominated airway inflammation in mice and to elucidate the possible underlying mechanisms of DEFB1 regulation.
Methods

Cells, bacteria and reagents
The human bronchial epithelial cell line HBE135-E6E7 and E. coli (ATCC 25922) were obtained from American Type Culture Collection (Manassas, VA, USA 
Animals
Wild-type BALB/c female mice aged 8 to 12 weeks (weight: 20-22 g) were used for the allergic asthma and infection experiments. Foxa2 loxP/loxP mice with a BALB/c genetic background were kindly provided by Dr. Klaus Kaestner at the University of Pennsylvania (Philadelphia, PA). Foxa2 was conditionally deleted (Foxa2 4/4 ) in the airway epithelial cells of mice aged 8 to 12 weeks using the SPC-rtTA-tet(o)7-CRE system as described in a previous study [21] . Mice were maintained under pathogen-free conditions and had free access to water and food without OVA until the experiments. Mice were anesthetized with an intraperitoneal injection of pentobarbital and euthanized with lethal dose of pentobarbital. The study was approved by the Institutional Animal Care and Use Committee of West China Hospital of Sichuan University(no.2018006A).
Induction of allergic airway inflammation
Wild-type mice were randomly divided into four groups, and mice used for the allergic asthma model were sensitized by two intraperitoneal injections of either 2.25 mg Imject Alum or 20 μg OVA and 2.25 mg Imject Alum in 200 μl PBS on days 0 and 14. Allergic asthma mice were then sensitized on days 21, 22, and 23 by inhalation of an aerosol of OVA within 50 minutes of generation by nebulization (PARI, Starnberg, Germany) in 1% OVA solution prepared in PBS(control mice received aerosol challenges of PBS at the same time).
Infection of mice
E. coli was freshly subcultured from a -80˚C stock and incubated on Luria-Bertani (LB) agar plates twice before each experiment. The bacterial count was measured in 1 ml of PBS by OD (600 nm) and confirmed by serial dilution and subculturing in LB Agar medium; colonyforming units (CFUs) were counted after 24 hours of culturing at 37˚C. OVA-sensitized mice (on day 24), Foxa2 4/4 mice (aged 4-8 weeks) and control mice were all infected by intratracheal instillation of 50 μL of PBS containing E. coli of 1×10 6 CFU/ml as described previously [22] . After twenty-four hours' infection, mice were sacrificed, and lung and bronchoalveolar lavage fluid (BALF) lavaged three times using 1 ml of PBS were harvested as described elsewhere [22] . The cells in BALF were counted with a hemocytometer, and 100 μL cell suspensions were stained by Wright-Giemsa staining. The bacterial count was normalized to 1 mg of lung tissue homogenate and was measured by the serial dilution method as described above.
Quantitative real-time PCR
Lung tissue homogenate and cell mRNA were extracted with TRIzol reagent (Invitrogen, Carlsbad, CA). cDNA was synthesized from 500 ng of RNA with a ReverTra Ace qPCR RT Kit (TOYOBO, Japan) and subjected to quantitative real-time PCR using specific mRNA primers targeting Foxa2, DEFB1, IL 4, IL 13, TNF α, IL 1β, Muc5ac, β-actin and GADPH (S2 File). For each sample, the level of gene expression was normalized to its own β-actin mRNA or GADPH mRNA.
Measurement of DEFB 1 and IgE protein levels
Levels of DEFB 1 in lung tissue homogenates and BALF-and OVA-specific serum IgE were measured by enzyme-linked immunosorbent assays (ELISAs) (DEFbeta1 ELISA kit, Bio-Source, San Diego, USA; Mouse OVA-sIgE ELISA Kit, ALHAMBRA, CA, USA) according to the manufacturers' instructions. All samples were tested in duplicate and read at 450 nm. The lung tissue homogenate was normalized to 1 mg. The low limit of detection for each assay was 12.5 pg/mL and 2.8 ng/mL for DEFB 1 and IgE, respectively. Standard curves were generated for every plate, and the average zero standard optical densities were subtracted from the rest of the standards, controls, and samples.
RNA interference and expression of Foxa2 in HBE
siNC (targeting no genes in mouse, rat, and human) and siFoxa2 (catalog: si-h-FOXA2_005, targeting Foxa2, target sequence: 5'-GGGATGAACGGCATGAACA-3') were synthesized by Guangzhou Ribobio (Guangzhou, China). The ribo FECT™ CP Transfection Kit was obtained from Ribobio for transfection of siRNA according to the manufacturers' instructions. The Fox-a2-expressing vector (CMV-MCS-IRES-EGFP-SV40-Neomycin), using the reference sequence NM_021784, was synthesized by GeneChem (Shanghai, China). Lipofectamine 3000 (Thermo Fisher Scientific, USA) was -used for transfection according to the manufacturers' instructions. HBE cells were plated onto 12-well, flat-bottom tissue culture plates (Corning Incorporated, USA) at a density of 1 × 10 5 cells/well in DMEM high-glucose medium (Gibco, Thermo Fisher Scientific, USA). Cells were plated to reach 80-90% confluence on the day of transfection. Cells were allowed to recover in DMEM for 48 hours after transfection.
Western blotting for expressional analysis
Western blot analysis was performed on lung homogenates from Foxa2 Δ/Δ mice and control littermates. The protein was separated by 10% SDS-PAGE, transferred, and immobilized on nitrocellulose membranes. Membranes were incubated with rabbit anti mouse Foxa2 ((1:1000; Cell Signaling Technology, Danvers, MA, USA) at 4˚C overnight followed by 3-4 washes and incubated with HRP conjugated secondary antibodies obtained from zsbio (Beijing, China).
Reporter plasmid construction and dual luciferase assays
We cloned the promoter-containing DEFB1-1099 luciferase reporter construct (starting from the ATG translation), by referring to [23] , into the MCS (multiple cloning sites) of the pGL3-Basic reporter vector and named the resulting construct pGL3-DEFB1. The luciferase activity of pGL3-DEFB 1 was tested in 293T cells (S1 Fig) . HBE cells were seeded in 12-well plates at a density of 1 × 10 5 cells per well at 24 hours before transfection. The cells were transfected using Lipofectamine 3000 according to the manufacturer's instructions. HBE cells were transfected with pGL3-Basic or pGL3-DEFB1 or pGL3-DEFB1 and pCMV-Foxa2 as well as pRL-TK. Dual luciferase assays were performed 48 hours after transfection following the manufacturer's instructions. Normalized firefly luciferase activity (firefly luciferase activity/renilla luciferase activity) for pGL3-DEFB1 and pCMV-Foxa2 was compared to that of pGL3-Basic or pGL3-DEFB1, respectively. For each transfection, luciferase activity was averaged from four replicates.
Histology
The lungs were perfused through the pulmonary artery with saline, then the lungs were fixed in 10% neutral formalin and desiccated and embedded in paraffin. Five-micrometer-thick tissue sections were processed for histological examination. Lung sections were stained with hematoxylin and eosin (HE) stain and periodic acid-Schiff (PAS) stain to visualize histopathological changes and mucus secretion. Levels of DEFB1 in the airway epithelium were quantified by immunohistochemistry (IHC).
Data analysis
Data are presented as the mean±standard deviation. Statistical significance was evaluated using an unpaired t-test or one-way ANOVA, as appropriate. The results were considered statistically significant at p < 0.05.
Results
OVA sensitization increases lung inflammatory response
The extent of lung inflammation was evaluated by the bacterial count in lung tissues, HE staining of lung tissue sections, Wright-Giemsa staining and total cell count of the BALF and mRNA expression levels of inflammatory cytokines IL-1 β and TNFα. The mice were assigned to four groups (4-6 mice in each group) and were treated with: Imject Alum intraperitoneal injection and aerosol of PBS (PBS); OVA and Imject Alum intraperitoneal injection and aerosol of OVA (PBS/OVA); E. coli intratracheal instillation (PBS/E. coli); OVA and Imject Alum intraperitoneal injection and aerosol of OVA followed by E. coli intratracheal instillation (OVA/E. coli). Clearance of E. coli significantly decreased in lung tissue in OVA-sensitized mice (p < 0.05, n = 4, Fig 1A) . Notably, no bacteria were recovered from the lung tissue homogenates of PBS or PBS/OVA mice. Histopathology showed eosinophils were the predominant infiltrating inflammatory cells in OVA-sensitized mice and neutrophils in PBS/E. coli and OVA/E. coli mice. A higher number of infiltrating cells were present in the OVA-sensitized and E. coli intratracheal instillation mice than in the control group mice ( Fig 1B) . In addition, there were more inflammatory cells in the BALF in the OVA-sensitized and E. coli intratracheal instillation mice than in the control group mice (p < 0.05, n = 4, Fig 1C) . The expression of IL1β and TNFα mRNA in the lungs increased in OVA/E. coli mice compared to the control mice (p < 0.05, n = 4, Fig 1D) . These results show heavy bacterial burdens accompanied by serious inflammatory responses in OVA/E. coli mice and suggest impaired airway defense against E. coli invasion in OVA-induced allergic responses.
Decreased expression of DEFB1 in OVA-sensitized mice
Previous studies showed decreased expression of DEFB2 and DEFB35 when allergic inflammation was dominant [6, 18] . To determine whether the expression of DEFB1 was reduced in OVA-sensitized mice, we carried out RT-PCR, ELISA experiments, and immune staining to evaluate the DEFB1 expression level in OVA-induced allergic mice. Fig 2A shows consistently lower expression levels of DEFB1 mRNA in PBS/OVA and OVA/E. coli mice than those in control mice. E. coli intratracheal instillation did not induce significant expression of DEFB1 (confirmed by S2 Fig) , consistent with previous studies [13] . Proteins both in lung tissue homogenates and BALF of OVA-sensitized mice, the expression levels of DEFB1 were lower than those in control mice (p < 0.05) (DEFB1 was not induced by infection, S2 Fig) . The result of immunohistochemical staining showed that DEFB1 protein (brown), expressed in respiratory epithelial cells, decreased after OVA-sensitized compared to control mice ( Fig 2D) .
Decreased expression of Foxa2 in OVA-sensitized mice
The relative mRNA expression of the Th2 cytokines IL 4 and IL13 and the secretion of MUC5AC and OVA-specific serum IgE that are characteristic of Th2-dominated allergic inflammation (Fig 3A, Fig 3B and S3 Fig) were in accordance with earlier studies [6, 18] . The relative expression levels of IL4, IL13, and MUC5AC mRNA in OVA-sensitized mice were significantly higher than those in control mice (p < 0.05). Consistent with previous studies [19, 20] , the relative expression of Foxa2 mRNA was suppressed in Th2-dominated airway inflammation (p < 0.05, Fig 3C) charactered in OVA-sensitized mice. The representative PAS staining of lung tissue sections from four groups of mice, showed increased secretion of mucus in OVA-sensitized mice compared to control mice.
Compromised airway defense in mice with Foxa2 deletion
The expression of Foxa2 was shown to be suppressed by Th2 inflammation and was associated with the regulation of DEFB35 [18] [19] [20] . DEFBs are present in a β-defensin gene cluster on a single chromosome [10] , and we hypothesized that Foxa2 might also regulate DEFB 1. We conditionally deleted Foxa2 in the respiratory epithelial cells of mice and evaluated the lung defense and expression of DEFB1. Foxa2 Δ/Δ mice showed spontaneous Th2-mediated inflammation in lung sections (S4 Fig). The clearance of E. coli in the lung tissue homogenate was lower in the Foxa2 Δ/Δ mice compared with control mice (p < 0.05. n = 3) ( Fig 4A) . The HE staining showed that enhanced lung inflammation was observed in Foxa2 Δ/Δ mice after E. coli exposure( Fig 4B) . Levels of Foxa2 and DEFB1 mRNA and protein were measured in the lung tissues of Foxa2 Δ/Δ mice after E. coli exposure by RT-qPCR, western blot and immunohistochemical staining respectively. The results demonstrated that deletion of Foxa2 in respiratory epithelial cells decreased the expression of DEFB1 and Foxa2 (Fig 4C, 4D, 4E and 4F ). Deletion of Foxa2 in the respiratory epithelial cells was associated to decrease expression of DEFB1.
Foxa2 is associated with transcriptional regulation of DEFB1
Due to consistent suppression of both Foxa2 and DEFB1 in Th2-dominated allergic inflammation, and association of Foxa2 with innate airway defense, we hypothesized that Foxa2 regulates DEFB1. IL13 was a representative cytokine in Th2-dominated allergic inflammation. To confirm the suppression of both Foxa2 and DEFB1 in Th2-dominated allergic inflammation, we detected the mRNA of Foxa2 and DEFB1 in HBE cells exposed to IL13. Fig 5A showed that a significant decrease in Foxa2 and DEFB1 mRNA in HBE cells after IL13 exposure. To seek mechanisms by which Foxa2 in expression of DEFB1, siRNA and expression plasmid were used to down-regulate or up-regulate Foxa2 expression in HBE cells. Foxa2 was significantly increased in HBE cells after pCMV-Foxa2 plasmid transfection ( Fig 5C) . Increased DEFB1 was also observed in HBE cells after up-regulation Foxa2 (Fig 5C) . Meanwhile, we found that silencing Foxa2 expression leads to decreased expression of DEFB1( Fig 5D) . In order to justify the role of Foxa2 in regulation of DEFB1. We conducted dual Luciferase reporter assay. It was found that up-regulation of Foxa2 expression significantly increased the activity of the DEFB1 promoter ( Fig 5E) . In conclusion, FOXA2 participates in the regulation of pulmonary defenses by affecting the transcription level of DEFB1.
Discussion
Th2-dominated allergic diseases and asthma are global health problems causing severe illness and disabilities worldwide [1] . Epidemiological data show an increased prevalence of allergic diseases and asthma in recent years [1] [2] [3] . Observational studies identified the risk of infections in allergic diseases and asthma [3] [4] [5] [6] . Elucidation of the molecular mechanisms of the airway defense against the invading microorganisms in Th2-dominated allergic diseases might provide a scientific basis for improving the care of this disease. Foxa2 is highly conserved and widely expressed during murine embryogenesis and in adult tissues, where it functions as a primary transcription factor mediating the expression of genes involved in homeostasis and defenses, especially in the lung tissues [18] . Studies report decreased levels of Foxa2 in allergic diseases and asthma [20, 24] . Therefore, genes associated with defenses may be affected by the depletion of Foxa2 in allergic diseases and asthma. Studies from both clinical investigations and animal experiments confirmed an increased risk of infections from allergic diseases [3] [4] [5] [6] 20] . Airway epithelial cells are the first line of defense against invading pathogens by secreting DEFBs and other antimicrobial compounds to protect the epithelial cells and the host [8] . DEFB1 proteins are important antimicrobial components that kill E. coli at micromolar concentrations in vitro [25] . DEFB1 is also an essential component of innate immunity and is secreted constitutively by the epithelial cells [11] . During infection, other types of DEFBs are induced by inflammatory factors [11] , thus suggesting that DEFB1 may play a pivotal role in defense against invading pathogens when the host is confronted by a small number of microbes or in the early stages of an infection. Thus, DEFB1 depletion might enhance the probability of developing infections from an early stage. Previous studies suggested an association of an impaired activity or secretion of DEFB1 with decreased clearance of bacteria and increased risk of infections [9, 12, 25, 26] . In contrast to CF in which DEFB1 is inactive [11] , allergic asthma may suppress DEFB1 secretion and increase colonization by bacterial pathogens and the risk of infection. In our present study, reduced expression of Foxa2 downregulated DEFB1 and might have compromised bacterial clearance, leading to a more severe inflammatory response. Although Baines KJ et al. reported an elevated level of DEFB1 in COPD and severe asthma, due to the phenotype of asthma being indeterminate, bias may have arisen from asthma phenotypes other than allergic asthma, and the authors did not exclude the allergic condition in healthy controls and COPD populations [17] .
Considering that innate immunity is critical for early protection against the overgrowth of pathogens, we used a short E. coli infection time model (24 hours) . Immediate eradication of pathogens plays a crucial role in host defense against bacterial invasion. Innate immune responses are the primary defense mechanism against early pathogen invasion. Thus, understanding the precise airway defense mechanism offers a scientific basis for improving treatment strategies to decrease the risk of infection. Similar to earlier studies, E. coli infection did not upregulate the secretion of DEFB1 significantly [27, 28] . Notably, β-defensins are multifunctional modulators. In addition to their innate antimicrobial activity and inherent immune component, β-defensins can also mediate the specific response of acquired immune responses [12] .
Although DEFBs are found increasingly in different cells or organs, DEFB1 is expressed constitutively in the airway epithelial cells, whereas the induced expression of other defensins is seen during infections. This result showed the potential role of DEFB1 in preventing and reducing the risk of airway infection. Consistent with previous studies, we observed decreased expression of DEFB 2 in OVA/E. coli mice [S5 Fig] . DEFB molecules on mucosal surfaces may aggregate to eliminate pathogens during infection [12] . Further studies are needed to elucidate the regulatory mechanism of other DEFBs.
Our studies have several limitations. Although DEFB1 is an integral part of the innate immune defense system, other components should be investigated for their role in defenses against bacterial invasions, especially in allergic asthma. Different types of DEFBs or lysozymes may work together to defend against the potential pathogens [18] . In addition, the role of Foxa2 may not be limited to the regulation of DEFB1, and other aspects of pulmonary defense response to pathogen invasion, such as mucus secretion, may also be involved in the function of Foxa2 [18] .
In summary, suppressing Foxa2 expression impairs pulmonary defenses and DEFB1 expression in mice. Foxa2 is involved in the transcriptional regulation of DEFB1, and downregulation of DEFB1 due to suppression of Foxa2 expression is likely to contribute to increased infection risk in the Th2-dominated airway inflammation. 
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